Severalluminance-matching methods, such as flicker fusion and the minimum motion technique (MMT), are capable of detecting certain forms of abnormal color vision. Wepresent evidence that the heterochromatic fusion nystagmus (HFN) luminance matehing technique can discriminate among normal trichromats, protanopes, and deuteranomals. The HFN luminance matehing technique has the advantage that it provides a positive indication of isoluminance (maximization of motion) as opposed to the MMT and flicker fusion methods, which indicate isoluminance by the minimization of motion and flicker, respectively. Wetested 16normal trichromats, 6 protanopes, and 4 deuteranomals with the HFN technique. Results indicate that HFN is a useful tool for examining color vision. Because the HFN stimulus elicits reflexive eye movements (optokinetic nystagmus) that follow the apparent motion ofthe stimulus, HFN luminance matehing will be particularly useful in animal and infant research, where other color vision tests are difficult to implement.
Severalluminance-matching methods, such as flicker fusion and the minimum motion technique (MMT), are capable of detecting certain forms of abnormal color vision. Wepresent evidence that the heterochromatic fusion nystagmus (HFN) luminance matehing technique can discriminate among normal trichromats, protanopes, and deuteranomals. The HFN luminance matehing technique has the advantage that it provides a positive indication of isoluminance (maximization of motion) as opposed to the MMT and flicker fusion methods, which indicate isoluminance by the minimization of motion and flicker, respectively. Wetested 16normal trichromats, 6 protanopes, and 4 deuteranomals with the HFN technique. Results indicate that HFN is a useful tool for examining color vision. Because the HFN stimulus elicits reflexive eye movements (optokinetic nystagmus) that follow the apparent motion ofthe stimulus, HFN luminance matehing will be particularly useful in animal and infant research, where other color vision tests are difficult to implement.
In a number ofresearch areas, information on color vision defects is useful but difficult to obtain. Such is the case, for example, in developmental research and in animal vision science. With infant or animal subjects, most ofthe traditional clinical and psychophysical methods for evaluating adult humans' color vision are difficult to implement, and lengthy or complex procedures such as preferential looking and behavioral training must be used instead. Simpler and more efficient methods cannot be used, because animal and infant subjects lack the ability to understand complex tasks and to give active responses concerning their own perceptual states. Color vision assessment methods that rely on reflexive feedback are therefore very useful in research involving these subject groups (see, e.g., Anstis, Murasugi, & Cavariagh, 1990; Logothesis & Charles, 1990; Maurer, Lewis, Cavanagh, & Anstis, 1989) .: Anstis and Cavanagh's (1983; Anstis, Cavanagh, Maurer, & Lewis, 1987) minimum motion technique (MMT) is perhaps the most widely known method of using reflexive feedback to assess color vision. Subjects are shown a two-color grating that appears to drift in one direction when the luminance ratio between the colors is greater than 1.0 and in the opposite direction when the ratio is less than 1.0. The stimulus elicits optokinetic nystagmus (OKN), which varies in amplitude and direction with the luminance ratio and is generally consistent with perceived direction of motion. The points at which OKN direction reversals take place can therefore be used to estimate when an isoluminance condition has been reached. The isoluminant point obtained will depend on the subject's spectral sensitivity function. This function is known to differ between normal trichromats and individuals with various forms of red/green color blindness (see, e.g., Devos, Spileers, & Arden, 1996; Kinnear, 1986; Verriest, 1971) . With the MMT, one can therefore use OKN data in order to indirectly detect these anomalous color vision types (see, e.g., Maurer et al., 1989) . This offers a significant advantage over earlier methods such as flicker fusion, which rely on subjects' reports oftheir perceptions. To date, the MMT has been effective in distinguishing between normal and red/green deficient color vision in infants (Maurer et al., 1989) and in determining isoluminance points in nonhuman species such as monkeys (Logothesis & Charles, 1990) and guppies (Anstis et al., 1990) . Albright (1990, 1992) have developed another motion stimulus that can be used in obtaining isoluminance ratios. The principle advantage ofthis stimulus, called the heterochromatic fusion nystagmus (HFN) stimulus, is that the isoluminant point is based on a condition of maximum motion perception, unlike in the MMT, in which a minimization of perceived motion is taken as the isoluminant point. The HFN stimulus appears to move in one direction when two chromatic components are isoluminant (luminance ratio » 1.0) and in the opposite direction when they are nonisoluminant (luminance ratio< 1.0 or > 1.0). As with the MMT, OKN eye movements are elicited when subjects view the HFN stimulus. These are maximized, in conjunction with perceived motion, at the isoluminance condition. This means that the HFN technique provides a positive endpoint. The maximization of the change in polarity (i.e., ofOKN eye movements and/or perceived motion) itself is the measure of the isoluminance point, as opposed to the absence ofsignal that is used to assess isoluminance in the MMT and flicker fusion techniques.
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Techniques using the HFN stimulus have several advantages over other luminance matehing techniques. For instance, the HFN technique is easier to use than the MMT with monkeys that have not been specifically trained to track visual stimuli or provide feedback on their perceptual states (Chaudhuri & Albright, 1992) . Also the method is flexible. The size, shape, and spacing of the stimulus components can be varied widely without alte ring the isoluminance point obtained (Chaudhuri & Albright, 1992) . Although spatial frequency has been shown to affect isoluminance data (Cavanagh, MacLeod, & Anstis, 1987; Cavanagh, Tyler, & Favreau, 1984) , the spatially broadband nature of the HFN components means that these effects are averaged out. This has the advantage of making the technique flexible, but it may also be that the technique could be more sensitive if its spatial frequency domain were limited.
The HFN stimulus also functions across a wide range of temporal parameters. Though the flicker rate is optimal at around 15 Hz, faster rates provide valid (though more variable) data (Chaudhuri & Albright, 1992) . Furthermore, the velocity ofthe pattern is not constrained by the need for frame-to-frame correlation, a requirement which limits the velocities that can be used with the MMT. With the HFN stimulus, any velocity capable of driving OKN can be used (Chaudhuri & Albright, 1992) .
Although the HFN technique has been applied in basic research in order to find isoluminant pairs of colors (Chaudhuri & Albright, 1990 , its ability to distinguish between normal and abnormal color vision in humans has not been assessed. Luminance matehing techniques in general (e.g., MMT and flicker fusion) have severallimitations as color vision screening devices. For instance, they cannot reliably separate dichromats from abnormal trichromats (e.g., deuteranomals from deuteranopes or protanomals from protanopes) because of large overlaps in the spectral sensitivities ofthese populations (Cavonius & Kammann, 1984; Devos et al., 1996; Verriest & Uvijils, 1989) . Also, because of the small or nonexistent input of the S-cone system to the luminance channel (see, e.g., Nakano & Kaiser, 1992) , they are incapable of detecting tritan-type deficits. But they are capable ofdiscriminating among normal trichromacy, protantype deficits, and (with somewhat reduced sensitivity) deutan-type deficits (Cavonius & Kammann, 1984; Devos et al., 1996; Verriest & Uvijils, 1989) . The HFN technique and these methods share the underlying principle of luminance matching, so we expect that it will share the limitations above. However, they should also share the capability of distinguishing among normal trichromacy, protan-type deficits, and deutan-type deficits.
We report here the results ofa study on the use of HFN to distinguish among three groups: normal trichromats, deuteranomals, and protanopes. We have found that the HFN technique is capable of distinguishing between normal trichromats and protanopes with high sensitivity and between normal trichromats and deuteranomals with lower sensitivity. It should therefore prove useful in studies of color vision, especially when animal or infant subjects are involved. A preliminary report ofthese results has appeared in abstract form (Collin & Chaudhuri, 1996) .
METHOD

Subjects
A total of26 individuals (6 protanopes, 4 deuteranomals, and 16 normal trichromats) drawn from a variety of student and work force populations participated in the experiment. Subjects were recruited by announcements in undergraduate classes or were referred by ophthalmologists and fellow researchers. All the color vision defects were congenital. The number of protanopes who were recruited was unusually high compared with the number of deuteranomals; but other researchers in our geographical area have reported similar distributions ofsubjects (1. Faubert, personal communication, October 10, 1997), and we suspect that the usual distribution ofcolor vision types for European populations may not be accurate for the French Canadian population which predominates in our area. The fact that deuteranopes and protanomals were not tested was not considered critical, because luminance matehing techniques are known to be insensitive for distinguishing dichrornats from abnormal trichromats (Birch, 1991) .
Mean group ages ( ± SD) for normal trichromats, protanopes, and deuteranomals were 25.4 ± 04.4,39.7 ± 19.7, and 27.5 ± 06.8 years, respectively. Eight of the normal trichromats were female; all other participants were male. Normal trichromats volunteered; subjects with abnormal color vision were paid for participation.
Materials
A copy ofAmerican Optical's Hardy-Rand-Rittler pseudoisochromatic plate test (AO H-R-R plates), a Farnsworth-Munsell l Oü-Hue test (FM-IOO), and a Nagel anomaloscope were used to determine subjects' color vision classifications. The AO H-R-R and FM-100 were presented under a Macbeth Lamp, providing a standard Type C illuminant. The luminance and colorimetric values of screen phosphors were measured with a Minolta Chromameter CS-I 00.
Stimuli
The HFN stimulus was generated on a PC installed with a graphics co-processor (Number Nine Computer Corp., Cambridge, MA) and was presented on a Phillips 2182DC Fast Refresh 21-in. monitor. Each pixel subtended approximately 2.7' of arc at a viewing distance of 57 cm.
SampIe sections offrames from the HFN stimulus are shown in Figure I . The stimulus consists ofa two-color random checker field interspersed with small randomly positioned black dots. The field scrolls horizontally at 7.5°/sec, with the checkers and dots moving coherently (i.e., maintaining their relative positions). As this motion occurs, the checkers counterphase at 15 Hz. That is, every 0.0667 sec, the pattern moves over by one checker's width and all the checkers ofColor I (e.g., red) switch to Color 2 (e.g., green), and vice versa. The dots simply move with the pattern and do not change colors, remaining black throughout.
When the checker colors are nonisoluminant, their reversals produce luminance flicker, which masks the motion ofthe black dots. Furthermore, the timing of'the reversals with the motion ofthe field produces a reverse-phi effect (Anstis, 1970; Anstis & Rogers, 1975) , so that the pattern resembles a flickering field of squares drifting in the direction opposite the actual direction ofthe pattern movement. The black dots can be seen; but their motion is obscured, and they do not appear to move coherently in any given direction.
When the checker colors are isoluminant, the masking flicker and reverse-phi disappear, and the checkers fuse into a single ho- mogenous background whose color is a mixture ofthe two checker colors. The black dots, no longer masked by flicker or reverse-phi, become visible and can be seen as moving in the true direction of the pattern's scrol!. Thus, at isoluminance, the HFN resembles a static homogeneously colored background with a coherent pattern of black dots moving over it.
The parameters ofthe HFN stimuli used in this study were as follows. The checkers were 0.5°squares randomly assigned one oftwo colors. The dots were 0.1°black squares distributed over the random checker field in a grid pattern with positions separated by 0.75°. There was a 50% chance of a dot's appearing at any given position on this grid. The pattern was presented across the entire 2l-in. screen, and it subtended approximately 36°X 28°ofvisual field at the viewing distance of 57 cm.
Two pairs of checker colors were used in this experiment: red on grcen, and red on blue. The red component (i.e.. red phosphor) had a spectral energy function peaking around 610 nm (ClE coordinates:
u' = A13, v' = .524) and the green had its peak at around 560 nm 
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Figure 2" Relative differences in spectral sensitivity between normals and protanopes and between normals and deuteranomals. The figures were produced by subtracting the protanopic spectral sensitivity function from the normal trichromatic spectral sensitivity function (normal minus protanope) and by subtracting the deuteranomalous spectral sensitivity function from the normal function (normal minus deuteranomal). the difference in spectral sensitivity between normals and protanopes. The function was generated by subtracting the protanopic spectral sensitivity function from the normal trichromatic function. The original spectral sensitivity functions were measured with a monochromator (1. Faubert, personal communication, October 10, 1997; see also Diaconu & Faubert, 1997) . At wavelengths where the difference function is positive, protanopes are less sensitive than normals and vice versa. Because the dominant wavelength of'the red components lies near the maximum ofthe function, they would appear much dimmer to protanopes than to normal trichromats at any given intensity. With the green, the situation is reversed, and the green phosphor would appear brighter to a protanope.
In the red-on-blue pair, the blue had a dominant wavelength of 470 nm (u' = .168, v' = .162). Figure 2 shows that this corresponds closely with the maximum of a function representing the difference in spectral sensitivity between normals and deuteranomals. The function was generated by subtracting the spectral sensitivity function for deuteranomals (Diaconu & Faubert, 1997) from that for normals. Thus, deuteranomals will be less sensitive to wavelengths around the maximum ofthe function. This blue was again compared with the red described above.
Procedure
Subjects were first tested and classified as to color vision type with AO H-R-R plates, the FM-IOO,and the Nagel anomaloscope, using standard procedures and criteria as outlined by the manufacturers (including the use ofMacbeth Lamp illumination for the AO H-R-R and FM-IOO tests). These three tests agreed in all cases as to the type of color blindness (protan vs. deutan) that the subject had, and they agreed quite weil in terms ofthe degree ofthe disorder. Where tests disagreed significantly regarding the degree ofthe deficit (and this occurred for only I color anomalous subject), the anomaloscopy results were taken as correct. The results of these three tests for the color anomalous subjects are shown in Table I . The subjects were subsequently evaluated with the HFN technique.
Each subject underwent 10 trials with the HFN procedure. In each trial, the subject was presented with a continuously scrolling HFN stimulus incorporating two color components. One of the components remained fixed in intensity while the subject adjusted the intensity ofthe otherwith ajoystick. Subjects were asked to adjust the variable component until the impression of motion created by the black dot pattern was maximized (i.e., isoluminance was achieved). The intensity values at which they set the variable cornponent were recorded automatically, and an average over 10 trials was taken. The direction ofmotion (Ieft or right) was chosen randomly for each trial. At the beginning of each trial, the intensity of the test was randomly set at either its maximum or its minimum value.
For protanopes, the colors used in the pattern were red and green. The green was the standard component and was set to 9 cd/m-. For deuteranomals, the colors used were red and blue. The blue was the standard component. Because of concerns about a mesopic shift in sensitivity toward the short wavelength end of the spectrum, the blue was placed at 10 cd/rn 2 , the maximum luminance that could be produced on our monitor while still maintaining the spectral characteristics noted above. Normal trichromats were tested under both these conditions. RESULTS Figure 3a shows the mean red/green luminance ratios at which protanopes and normal trichromats experienced isoluminance when viewing the HFN stimulus. It can be seen that the luminance ratio at which normal observers 
I). This difference is significant
(t = 17.3,p < .001), and it agrees with the prediction that protanopes' lower sensitivity to long wavelengths would lead them to set the red component higher than would normals to achieve isoluminance with a green standard light. The luminance ratios also agree reasonably weIl with the predicted ratios of 1.00 and 3.51 for normals and protanopes, respectively. These were calculated by first convolving the red and green phosphors' spectral energy functions with average spectral efficiency functions for normals and protanopes, and then making ratios of the integrals of the convolved functions. The fact that our empirical ratio for protanopes is somewhat lower than the theoretical ratio may be due to saturation effects. Our monitor's red gun produces a maximum of 30.5 cd/m-, about 3.39 times the luminance ofthe 9-cd/m 2 standard, so actually entering a ratio of 3.51 was not possible. Figure 3b shows the mean red/blue luminance ratios for deuteranomals and normal trichromats viewing the HFN stimulus. Here, an unexpected result occurs. Normal trichromats set the level ofthe variable red color's luminance far above that ofthe l O-cd/m? blue standard, resulting in a luminance ratio greater than the expected unity value (M = 1.61, SD = .19 cd/m-), Deuteranomal subjects set the red luminance lower than did normals, which was as expected, but they too set the value above that ofthe standard (M = 1.29, SD = .19 cd/m-), The difference between the groups is significant (t = 3.3, p = .044) and is in the direction predicted. However, the absolute values are far above those expected.
On the basis of the spectral sensitivity curves of deuteranomals, it was predicted that they would place the luminance of the red variable lower than that of the blue standard, whereas normal trichromats would adjust the variable to match the standard. Our results suggest an artifact that elevated all responses by about 6 cd/m-. Two possible explanations of this effect are based on the low luminance level ofthe test pattern: (l) there may have been a Purkinje shift in the spectral sensitivity ofsubjects, and (2) owing to the large spatial extent ofthe test pattern, rod intrusion may have altered the color perception of subjects. Also possible is an artifact due to phosphor crosstalk. These possibilities will be reviewed in more detail in the Discussion.
The empirically determined ratios also do not agree with the predicted ratios of 1.00 and 0.72 for normals and deuteranomals, respectively. These ratios, calculated as were those for the protanopes above, represent expectations based on the convolution of spectral energy functions from the monitor with the average spectral sensitivity for normals and deuteranomals. The empirically determined ratios come more into line with the theoretical ones if the ratio for normal subjects is scaled to unity and the same treatment is applied to the deuteranomal ratio, which then becomes 0.80. Ifthe ratios were indeed elevated by the postulated artifact, then scaling to unity shows that the relative differences between them agree with the predicted values.
The sensitivity and specificity of the HFN technique in detecting color vision anomalies was also assessed, though with the small number of subjects tested here these values must be regarded as quite tentative. For protanopes versus normals, the response ranges ofthe groups did not overlap, giving the test 100% sensitivity and specificity. The mean red/green luminance ratio at which protanopic subjects experienced isoluminance ranged from 2.18 to 2.71. For normal trichromats, the same range was .88 to 1.31. Thus, any criterion luminance ratio between 1.32 and 2.17 divided the groups completely.
For deuteranomals versus normals, there was some overlap of response ranges. Deuteranomals experienced isoluminance at red/blue luminance ratios ranging from 1.15 to 1.44, whereas for normals the range was 1.44 to 1.83. The optimum criterion level was thus 1.44 (i.e., ratios of 1.44 and below resulted in c1assification as deuteranomal). With this criterion, sensitivity was 100% and DISCUSSION normal trichromats using keypress feedback. Though OKN measurements were not made here, previous work has shown that with the HFN technique, psychophysical data very closely parallel eye movement data. Also, casual observation indicates that the subjects (including color abnormal subjects) do indeed exhibit nystagmus at approximately the correct intervals during testing.
The sensitivity and specificity of the HFN technique seem to be high. These values appear to be lower for discrimination of deuteranomals from normals than for discrimination ofprotanopes from normals, but this is to be expected, because the difference in spectral sensitivity between normals and deuteranomals is much smaller than that between normals and protanopes. Many techniques for detecting color blindness show this pattern of greater sensitivity to protanopic deficits than to deuteranomalous deficits (Birch, 1991) . The fact that the HFN results c1assify subjects in a manner very similar to those obtained with the FM-100 indicates that the technique has concordant validity with c1inically used tests.
The unusually high response values associated with the blue-on-red HFN stimulus, whereby all subjects gave values approximately 6 cd/rn 2 higher than was expected, require explanation. They may be the result of a mesopic shift in sensitivity. The blue gun ofa computer monitor has limited energy output-the maximum luminance that could be produced for the blue checkers was 10 cd/m 2 -which is at the lower end of the photopic range. The results may therefore be explained by a shift in the spectral sensitivity curves of subjects toward the short-wavelength end of the spectrum as some rod photoreceptors become active in this range ofluminance. This Purkinje shift would have the effect of making the blue checkers appear subjectively brighter while simultaneously making the red checkers appear dimmer (e.g., Vienot & Chiron, 1992) . We speculate that the effect is reduced with a green-on-red HFN stimulus because the peaks of the spectral content curves for the two guns are closer to one another and because there is a certain degree of overlap in the spectral energy functions ofthe two stimuli.
A second possible explanation for this result is rod intrusion (Stabell & Stabell, 1976 , 1979 . Given the low luminance levels (lower end of photopic range) and the large spatial extent of the pattern, it is likely that rods in the extra-foveal retina were recruited, thereby changing color appearance. However, subjects generally reported paying attention to the central region oftheir vision, noting that the edges of the pattern continued to flicker when the central region was made to fuse. Rod intrusion effects are generally found in experiments in which subjects are asked to ignore the center ofthe field or are given an annular stimulus that masks the center of the field (Boynton, 1979) .
The nature of the HFN stimulus makes it difficult to limit its spatial excursion to the fovea. However, we have developed aversion ofthe stimulus that is Iimited to the central 10°ofvisual field. This version also incorporates periodic bright adapting fields and a bright surround to To determine whether the c1assifications obtained using the HFN were concordant with those from the FM-100, kappa statistics were calculated (Bishop, Fienberg, & Holland, 1975) . The kappa statistic assesses whether two testing methods result in same c1assification of tested subjects. A kappa value above .7 is considered an indication of strong agreement. For the HFN, the c1assification criteria were the same as noted above. For the FM-100, the standard error score and primary axis criteria, as suggested by the manufacturers, were used as criteria for color vision c1assification. In the case of protanopes versus normals, the two tests agreed extremely well (/(= 1). In the case of deuteranomals versus normals, the tests also agreed strongly (/(= .73, P < .01).
We have shown that the HFN technique is capable of distinguishing among protanopes, deuteranomals, and keep the subject adapted to luminance levels that are unambiguously photopic. This should eliminate the concems above in future research.
A third possible explanation for the elevated response levels in the red/blue condition concems phosphor crosstalk. Color appearance might have been altered if the activation of one set of phosphors resulted in some activation in other sets ofphosphors. However, our monitor has been carefully calibrated, and the spectral energy functions ofthe phosphors were measured extensively. These functions show no sign ofcross-talk. Magnified visual inspection of the phosphors under various activation conditions corroborates this.
In conclusion, the HFN technique has been shown to be a useful tool for color vision assessment. Although it shares certain limitations with other luminance matching methods of color vision screening-for example, an inability to distinguish between dichromats and abnormal trichromats and detection oftritan-type deficits-both protanopes and deuteranomals can be distinguished from normal trichromats with the use of the HFN technique. The advantages ofthe HFN stimulus-positive endpoint and correlated OKN responses-provide this technique with a broad utility for color vision assessment that may be applicable when other tests are difficult to implement.
